In rats, cortical spreading hyperaemia is coupled to a spreading neuroglial depolarization wave (spreading depression) under physiological conditions, whereas cortical spreading ischaemia is coupled to it if red blood cell products are present in the subarachnoid space. Spreading ischaemia has been proposed as the pathophysiological correlate of the widespread cortical infarcts abundantly found in autopsy studies of patients with subarachnoid haemorrhage. The purpose of the present study was to investigate whether the extracellular ion changes associated with the depolarization wave may cause the vasoconstriction underlying spreading ischaemia. We induced spreading ischaemia in vivo with the nitric oxide (NO) scavenger oxyhaemoglobin and an elevated K + concentration in the subarachnoid space while slow potential, pH, extracellular volume and concentrations of K + , Na + , Ca 2+ and Cl À were measured in the cortex with microelectrodes. We then extraluminally applied an ionic cocktail (cocktail SI ) to the isolated middle cerebral artery in vitro, matching the ionic composition of the extracellular space as measured during spreading ischaemia in vivo. Extraluminal application of cocktail SI caused middle cerebral artery dilatation in the absence and constriction in the presence of NO synthase inhibition in vitro, corresponding with the occurrence of spreading hyperaemia in the presence and spreading ischaemia in the absence of NO in vivo. The L-type Ca 2+ inhibitor nimodipine caused the cocktail SI -induced vasoconstriction to revert to vasodilatation in the absence of NO in vitro similar to the reversal of spreading ischaemia to spreading hyperaemia in response to nimodipine in vivo. We found that K + was the predominant vasoconstrictor contained in cocktail SI . Its vasoconstrictor action was augmented by NO synthase inhibition. Our results suggest that, under elevated baseline K + as a hallmark of any condition of energy deficiency, the extracellular ion changes represent the essential mediator of the vascular response to spreading neuroglial depolarization. In the presence of NO they mediate vasodilatation and in its absence they mediate constriction.
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Introduction
Spreading depression is a neuroglial depolarization wave, which propagates at a rate of approximately 3 mm/min in the cerebral cortex (Lauritzen, 1994; Leão, 1944) . During spreading depression, the neuronal metabolism is activated; regional cerebral blood flow is coupled to the activated metabolism and increases. The hyperaemic flow change propagates together with the neuroglial depolarization wave in the cerebral cortex (cortical spreading hyperaemia). The parenchyma recovers from spreading depression without neuronal damage (Nedergaard and Hansen, 1988) .
In contrast to spreading depression, spreading depressionlike depolarizations occur under energy compromise in the ischaemic penumbra (Strong et al., 2000) . They propagate in a similar way to spreading depression (Strong et al., 2000) but the increased neuronal metabolism is not sufficiently matched by an increase in cerebral blood flow, as evidenced by a delay in the energy-dependent repolarization. As a consequence, spreading depression-like depolarizations apparently aggravate neuronal damage (Busch et al., 1996) .
A third spreading depression variant has been discovered more recently. Here, the depolarization wave, similar to a regular spreading depression, may start while cerebral blood flow is normal but the coupling between the activated metabolism and cerebral blood flow is inverse. Thus, the neuroglial depolarization wave induces severe vasoconstriction of cerebral arteries and arterioles resulting in an ischaemic blood flow change (Dreier et al., 1998) . This ischaemic flow change propagates together with the neuroglial depolarization wave in the cerebral cortex (cortical spreading ischaemia). Spreading ischaemia occurs locally where haemoglobin and an elevated K + concentration are present in the subarachnoid space. The property of haemoglobin responsible for spreading ischaemia is its nitric oxide (NO)-scavenging function since the NO synthase (NOS) inhibitor N G -nitro-L-arginine (L-NNA) can replace haemoglobin in the protocol producing spreading ischaemia (Dreier et al., 1998) . It has been proposed that the elevated subarachnoid K + concentration increases the extracellular baseline K
] o ) which may, in turn, down-regulate the Na, K-ATPase activity .
Spreading ischaemia is a malignant type of the spreading depression variants. Where it propagates, focal cortical necrosis arises (Dreier et al., 2000) . Haemoglobin and K + are the protein and ion with the highest concentrations in red blood cells and are released when red blood cells lyse. The induction of spreading ischaemia by haemoglobin and K + in the subarachnoid space has led to the hypothesis (Dreier et al., 1998) that spreading ischaemia could be the pathophysiological correlate of the widespread focal cortical necroses that are observed in approximately 80% of autopsy cases after subarachnoid haemorrhage in humans (Birse and Tom, 1960; Stoltenburg-Didinger and Schwarz, 1987; Neil-Dwyer et al., 1994) . Interestingly, prophylactic treatment with the L-type Ca 2+ channel antagonist nimodipine has been shown to significantly reduce the risk of ischaemic stroke and bad outcome in patients after subarachnoid haemorrhage (Feigin et al., 1998) . In rats, nimodipine caused spreading ischaemia to revert to spreading hyperaemia (Dreier et al., 1998 (Dreier et al., , 2002 , which supported a relation between the animal model and the clinical condition.
In the present study, our goal was to find out whether extracellular ion changes mediate the vasoconstriction underlying spreading ischaemia. For this purpose, we first measured the ion changes during spreading ischaemia with ion-sensitive microelectrodes in vivo. The vascular effect of the ion changes could not be tested in vivo independently of the spreading depolarization wave since intracortical application of [K + ] o as measured during spreading ischaemia would induce a depolarization wave (Kraig and Nicholson, 1978) . Therefore, we investigated the effect of an ionic cocktail of matching composition applied extraluminally to the isolated rat middle cerebral artery in vitro in the presence and absence of NO.
Material and methods Animal preparation, experimental protocol, cerebral blood flow measurement and electrophysiology in vivo
All animal experiments were approved by the Governmental Animal Care and Use Committee [Landesamt für Arbeitsschutz, Gesundheitsschutz und technische Sicherheit Berlin (LAGetSi), G 0346/98]. Male Wistar rats (n = 44; 250-350 g) were anaesthetized with 100 mg/kg body weight thiopental sodium intraperitoneally (Trapanal; BYK Pharmaceuticals, Konstanz, Germany), tracheotomized, and artificially ventilated (Effenberger Rodent Respirator; Effenberger Med.-Techn. Gerätebau, Pfaffing/Attel, Germany). The left femoral artery was cannulated, and continuous saline solution was infused (0.5 ml/h). Body temperature was maintained at 38.0 6 0.5 C using a heating pad. Systemic arterial pressure (RFT Biomonitor, Zwönitz, Germany) and end-expiratory partial pressure of carbon dioxide (Heyer CO 2 Monitor EGM I, Bad Ems, Germany) were monitored. Arterial partial pressure of oxygen (PaO 2 ), arterial partial pressure of carbon dioxide (PaCO 2 ) and pH were serially measured using a Compact 1 Blood Gas Analyser (AVL Medizintechnik GmbH, Bad Homburg, Germany). Since the rats were not paralysed, we could assess the adequacy of the anaesthesia level with testing motor responses to tail-pinch. In addition, changes in blood pressure in response to tail pinch were used to control anaesthesia. Further thiopental doses (25 mg/kg body weight intraperitoneally) were applied when necessary. The animals were killed with KCl intravenously at the end of the experiments.
Parietally, a craniotomy was performed using a saline-cooled drill, as previously reported (Dreier et al., 1998) . The dura mater was removed. An inflow tube made it possible to superfuse the brain cortex with artificial cerebrospinal fluid (ACSF) at the open window (Fig. 1) . The composition of the control ACSF in mM was: NaCl 127.5; KCl 3.0; CaCl 2 1.5; MgSO 4 1.2; NaHCO 3 24.5; glucose 3.7; urea 6.7. Increasing the ACSF K + concentration ([K + ] ACSF ) from 3 to 20, 35 and 45 mM, respectively, determined the decrease in [Na + ] ACSF from 152 to 135, 120 and 110 mM to maintain iso-osmolarity. The ACSF was equilibrated with a gas mixture containing 6.6% O 2 , 5.9% CO 2 , and 87.5% N 2 . The measured ion concentrations in the control ACSF were in mM (ABL System 625; Radiometer, Copenhagen, Denmark): Na + 152.4 6 0.6, K + 2.84 6 0.05, Ca 2+ 1.35 6 0.07 and glucose 3.5 6 0.1 at a pH of 7.42 6 0.03, a partial pressure of oxygen (pO 2 ) of 109.0 6 7.5 mmHg and a partial pressure of carbon dioxide (pCO 2 ) of 40.5 6 2.3 mmHg (n = 5). The Mg 2+ concentration was 1.16 6 0.03 mM and the Cl À concentration was 132.2 6 0.5 mM (n = 5; Modular Analytics SWA, F. HoffmannLa Roche, Basel, Switzerland). Cerebral blood flow was continuously monitored with two laser-Doppler flow probes (Perimed, Järfälla, Sweden). The subarachnoid steady (direct current) potential was measured with a silver chloride wire inserted into the space between the cortex and the coverslip. The electrode was connected to a differential amplifier (Jens Meyer, Munich, Germany). Cerebral blood flow, subarachnoid direct current shift and the voltage signals from the microelectrodes (see below) were continuously recorded using a personal computer and a chart recorder (Dash IV; Astro-Med, West Warwick, RI, USA).
Ion-sensitive microelectrodes
To measure changes in the intracortical direct current potential and extracellular ion concentrations, we used ion-sensitive microelectrodes. They were prepared and tested as described previously from double-barrelled thetaglass capillaries (Kugelstätter, Garching, Germany) (Lux and Neher, 1973) . The tip diameter was 3 mm. The reference barrel for the measurement of the direct current potential was back-filled with 154 mM NaCl. The ion-selective barrel was first silanized with methyltrichlorosilane in dichloromethane (Fluka/Sigma-Aldrich, Deisenhofen, Germany) and then tip-filled with ion-exchanger. Ion-exchangers (Fluka/Sigma-Aldrich), filling and calibrating solutions are given in A differential amplifier (Jens Meyer, Munich, Germany) was used to subtract the reference signal from the signal of the ion-selective barrel to obtain the voltage shift related to the ion concentration change. The change in ion concentration was then calculated using the Nernst equation. The measuring depth in the cerebral cortex was 100 mm. At the caudal part of the window, we used two microelectrodes glued together, whereas a single microelectrode was positioned rostrally (Fig. 1) . Usually, one of the glued electrodes was K + -sensitive while the other varied. Gluing was microscopically controlled. One electrode tip was slightly bent so that the two electrode tips could be glued together in a parallel manner with a tip distance ranging between 5 and 25 mm (Lux and Neher, 1973; Heinemann and Lux, 1975) .
Changes in the size of the extracellular space (ECS) were estimated with tetrapropylammonium (TPA)-sensitive electrodes containing the ion-exchanger Corning 474317. The cortex was superfused with ACSF containing TPA at a concentration of 2 mM for this . The subarachnoid direct current (DC) shift was recorded in the subarachnoid space (DC SA ) using a silver chloride electrode. Two microelectrodes were glued together to measure the intracortical direct current potential (DC caudal ) together with two ion concentrations (Ion A and B) at a cortical depth of 100 mm in the caudal part of the window. The intracortical direct current potential (DC rostral ) and another ion concentration (Ion C) were measured simultaneously in the rostral part of the window. (Hansen and Olsen, 1980; Hansen and Zeuthen, 1981; Mutch and Hansen, 1984; Voříšek and Syková, 1997) . Therefore, for the experiments in the isolated middle cerebral artery, we estimated the change in [Mg 2+ ] o during spreading ischaemia based on measurements with microdialysis and graphite furnace atomic absorption spectroscopy in a gerbil middle cerebral artery occlusion model (Lee et al., 2002) .
Haemoglobin preparation
Haemoglobin was freshly prepared from citrate blood of Wistar rats. The blood was centrifuged (3000 G, 5 min at 4 C) and the plasma discarded. The cells were washed twice with three to four volumes of cold 0.9% NaCl. The buffy coat was removed. The red blood cells were lysed by sonication. The suspension of lysed red blood cells was centrifuged (15 000 G, 10 min at 4 C) and the pellet was removed. The haemoglobin-containing supernatant was transferred by gel chromatography (Bio-Gel P-6; Bio Rad, Richmond, VA, USA) to the ACSF. Concentration and composition of haemoglobin and the electrolytes in the ACSF, which resulted in spreading ischaemia, were measured using a radiometer (ABL System 625; Radiometer): total haemoglobin 3.2 6 1.0 mM; oxyhaemoglobin 90.9 6 9.6%; CO haemoglobin 4.0 6 1.3%; methaemoglobin 2.2 6 0.9%; deoxyhaemoglobin 5.7 6 12.3%; Na + 117.5 6 6.9 mM; K + 32.4 6 5.3 mM; Ca 2+ 1.3 6 0.1 mM; glucose 3.4 6 0.3 mM with a pH of 7.32 6 0.12 (n = 44; Cl À and Mg 2+ not measured). For comparison, respective concentrations of fresh haemolysate in EDTA (ethylenediamine tetraacetate) tubes were: total haemoglobin 10.3 6 0.8 mM; oxyhaemoglobin 96.7 6 1.5%; CO haemoglobin 1.1 6 0.1%; methaemoglobin 0 6 0%; deoxyhaemoglobin 4.0 6 0.7%; Na + 81.6 6 2.1 mM; K + 71.6 6 2.2 mM; glucose 2.9 6 0.3 mM with a pH of 7.31 6 0.03 (n = 7).
Isolation and cannulation of the rat middle cerebral artery
Male Wistar rats (n = 25; 250-350 g) were anaesthetized with isoflurane and decapitated. All experiments were approved by the Governmental Animal Care and Use Committee (LAGetSi, T 0032/99). The brain was rapidly removed from the skull and put in cold (4 C) 3-(N-morpholino)propanesulphonic acid (MOPS)-buffered saline solution with 1% dialysed bovine serum albumin containing in mM: NaCl 144.0; KCl 3.0; CaCl 2 2.5; MgSO 4 1.5; NaH 2 PO 4 1.21; EDTA 0.02; pyruvate 2.0; MOPS 2.0; glucose 5.0 at pH 7.40 . For a detailed description of middle cerebral artery isolation/cannulation, see Lindauer et al. (2001) . Briefly, approximately 1 cm middle cerebral artery was carefully dissected from the brain and cannulated on glass micropipettes. The vessel was continuously perfused with MOPSbuffered saline solution at a transmural pressure of 80 mmHg at a temperature of 37 C. The extraluminal bath contained MOPSbuffered saline solution at a temperature of 37 C without bovine serum albumin and was continuously exchanged at a rate of 20 ml/min. The measured osmolality of the extraluminal bath was 301 6 1 mosmol/kg (n = 3, Osmomat 030; Gonotec, Gesellschaft für Mess-und Regeltechnik, Berlin, Germany). The vessel chamber was placed on an inverted microscope equipped with a video camera. A monitor was used for online analysis of the luminal diameter. After preparation, the artery was allowed to equilibrate for 1 h. During the entire experiment, temperature, perfusion inflow pressure and flow rate were kept constant. All pharmacologically active substances were added to the extraluminal bath.
After development of spontaneous tone (at least 20% reduction of resting diameter compared with diameters measured immediately after pressurizing), experiments started with an isolated increase in the extraluminal K + concentration ([K + ] e ) to 20 mM (hypertonic solution) to test arterial smooth muscle function. Arteries were excluded if they did not show a K + -induced vasodilatation of at least 30%. Thereafter, we lowered [K + ] e again to 3 mM. The lumen diameter after equilibration served as the baseline diameter. In group 1 (n = 5), we then applied MOPS-buffered saline solution with an ion composition matching the extracellular changes measured during spreading ischaemia (cocktail SI,K50 ) containing in mM: NaCl 60.0; KCl 50.0; CaCl 2 0.1; MgSO 4 0.7; NaH 2 PO 4 1.21; EDTA 0.02; pyruvate 2.0; MOPS 2.0; glucose 5.0; pH 6.90; measured osmolality 224 6 1 mosmol/kg (n = 3). Then cocktail SI,K50 was washed out again and the experiment was repeated once. Each solution was applied until the effect on the arterial diameter was stable (compare Figs 3-7 for detailed experimental paradigms). Experiments of group 2 (n = 5) started with the application of cocktail SI,K50 followed by wash-out similar to those of group 1. However, L-NNA (SigmaAldrich) at 10 mM was then washed in, and after equilibration cocktail SI,K50 was co-applied with L-NNA. In group 3 (n = 5) we co-applied cocktail SI,K50 with nimodipine (Bayer, Leverkusen, Germany) (10 nM) alone and, in group 4 (n = 5), with nimodipine and L-NNA (10 mM). In the experiments of group 5 (n = 5), cocktail SI ] e was increased accordingly to 107 mM to maintain iso-osmolarity, but otherwise group 5 was not different from group 2: cocktail SI,K3 was applied first in the absence and then in the presence of L-NNA.
Data analysis
The in vivo data were analysed by comparing relative changes in cerebral blood flow and absolute changes in direct current potential and ion concentrations. Cerebral blood flow changes were calculated in relation to baseline at onset (100%, a zero level was established at the end after global cerebral ischaemia). The subarachnoid direct current and cerebral blood flow parameters related to spreading ischaemia were the same as reported previously . The absolute changes in arterial diameter in vitro were calculated by subtraction of the baseline diameter. All data in text and figures are given as mean 6 SD. The statistical tests are given in the text. P < 0.05 was accepted as statistically significant. Table 2 gives the changes in cerebral blood flow and direct current potential parameters, while Table 3 gives the changes in the extracellular ions during spreading ischaemia. Importantly, similar to normal spreading depression but in contrast to anoxic depolarization (Kraig et al., 1983) , spreading ischaemia did not start with a pronounced gradual decline in pH but with an alkaline shift from 7.35 to 7.68 6 0.14 followed by a decline in pH to 6.85 6 0.26 (Fig. 2) . The delay between the onsets of the negative intracortical direct current shifts at the caudal and rostral recording sites was 46 6 40 s and the delay between the onsets of the hypoperfusions was 39 6 40 s, suggesting propagation of both depolarization wave and ischaemic flow change.
Results

Changes in pH
Eight experiments were performed to calculate the ECS shrinkage during spreading ischaemia. The first spreading ischaemia occurred at 25 mM [K + ] ACSF in three of eight and at 35 mM [K + ] ACSF in the remaining five animals under superfusion of TPA (2 mM). The changes in cerebral blood flow and the intracortical as well as subarachnoid direct current potential during spreading ischaemia were not significantly different from those in the absence of TPA. The calculated ECS shrinkage was 70.4 6 16.9% during spreading ischaemia.
In vitro model for spreading ischaemia in the isolated middle cerebral artery
Here we tested whether the extracellular ion changes measured in vivo during the spreading neuroglial depolarization wave would cause middle cerebral artery dilatation in the presence of NO but constriction in its absence. Under control conditions, cocktail SI,K50 reproducibly caused the middle cerebral artery diameter to increase compared with baseline (group 1, Fig. 3 ). In group 2, cocktail SI,K50 also caused the arterial diameter to increase under control conditions, whereas it induced a decrease in the presence of L-NNA (P < 0.001, Fig. 4) . The difference in arterial diameters between cocktail SI,K50 -induced dilatation in the absence and constriction in the presence of NOS inhibition was 72 6 4 mm (Fig. 4) .
In group 3, nimodipine alone augmented cocktail SI,K50 -induced middle cerebral artery dilatation compared with control (P < 0.001, Fig. 5) .
In group 4, the combination of L-NNA (10 mM) and nimodipine (10 nM) had no significant effect on the baseline diameter ( Fig. 6 ; compare measuring points 45 and 65 min after onset of the experiment). However, nimodipine caused cocktail SI,K50 -induced middle cerebral artery constriction under NOS inhibition to revert to dilatation (compare Fig. 6 with Fig. 4, measuring point 80 min) . The cocktail SI,K50 -induced dilatation was significantly more pronounced under L-NNA and nimodipine than under control conditions (P < 0.001, Fig. 6 ). À15.6 6 4.5 À20.4 6 4.4 Duration of the negative intra-cortical direct current shift during spreading ischaemia (min) 22.4 6 17.2 9.8 6 10.9
Subarachnoid direct current shift (mV) À6.6 6 1.7 Duration of the negative subarachnoid direct current shift (min) 27.8 6 20.6 ] e from the effects of the other ion changes. We found that K + was a potent vasoconstrictor contained in cocktail SI,K50 : in the absence of L-NNA, the middle cerebral artery was 110 mm less dilated by cocktail SI,K50 than by cocktail SI,K3 (Fig. 7) . In the presence of L-NNA, the difference between the cocktails was 147 mm (P < 0.01, Fig. 7 ). This suggested that NOS inhibition significantly augmented the vasoconstrictor effect of K + by about 37 mm, which is half of the total shift from cocktail SI,K50 -induced dilatation to constriction by NOS inhibition (37 of 72 mm; compare Figs 4 and 7) . ] o rostral = extracellular Na + concentration. Track 8 gives the subarachnoid shift of the direct current potential (DC SA ). Note that the short alkaline shift of spreading ischaemia was not preceded by a pronounced acidification. This pH signal was similar to that of a normal spreading depression and contrasted to that of an anoxic depolarization. Fig. 4 In group 2 (n = 5), cocktail SI,K50 was first applied in the absence of L-NNA, which resulted in vasodilatation that was similar to that in group 1. Then, cocktail SI,K50 was co-applied with L-NNA at 10 mM, which resulted in significant vasoconstriction. The difference between cocktail SI,K50 -induced middle cerebral artery dilatation in the absence and cocktail SI,K50 -induced constriction in the presence of L-NNA was 72 mm. *** P < 0.001 (one-way ANOVA for repeated measures with Bonferroni post hoc test). Fig. 3 Group 1 (n = 5) served as control group, in which cocktail SI,K50 was applied twice in the absence of the NOS inhibitor L-NNA. Wash-in of cocktail SI,K50 started immediately after recording the baseline diameter and lasted for 15 min. Washout of cocktail SI,K50 took 30 min. Another 20 min later, the second application of cocktail SI,K50 began. As can be seen, cocktail SI, K50 reversibly dilated the middle cerebral artery on both occasions (increase in arterial diameter compared to baseline). Application and measuring points were the same in all groups.
The remaining quarter of augmented vasoconstriction by NOS inhibition [18 mm = 72 -(37 + 17) mm] remained unexplained. In Table 4 , groups 2-5 are compared at each measuring point with the control group using one-way ANOVAs and post hoc Bonferroni tests.
Discussion Extracellular ion changes during spreading ischaemia
We measured the extracellular ion changes during spreading ischaemia in the rat. The microelectrodes were positioned close to the cortical surface, where the spreading, massive constriction of pial arteries and arterioles is directly seen during spreading ischaemia. It has been previously reported that the ion changes during spreading depression and anoxic depolarization are very similar in different species (Kraig and Nicholson, 1978; Hansen and Olsen, 1980; Hansen and Zeuthen, 1981; Mutch and Hansen, 1984; Lauritzen 1994; Jing et al., 1994; Voříšek and Syková, 1997; Mazel et al., 2002; Hrab e etová et al., 2003) . Therefore, it was not surprising that the magnitudes of the ion changes, extracellular shrinkage and decline in apparent extracellular osmolarity during spreading ischaemia were also within the same range. The measured change in [Cl À ] o was somewhat smaller than that previously reported for the rat during spreading depression and anoxic depolarization (Hansen and Zeuthen, 1981) . In group 4 (n = 5), cocktail SI,K50 was first applied in the absence of L-NNA and nimodipine, which resulted in vasodilatation. Then, L-NNA at 10 mM and nimodipine at 10 nM were co-applied. This combination of vasoconstrictor with vasodilator did not change the resting arterial diameter significantly. However, when cocktail SI,K50 was subsequently co-applied with L-NNA and nimodipine, there was no vasoconstriction (as in group 2) but vasodilatation resulted. The cocktail SI,K50 -induced vasodilatation under L-NNA and nimodipine was significantly more pronounced than that under the control condition. *** P < 0.001 (one-way ANOVA for repeated measures with Bonferroni post hoc test).
Fig. 7
In group 5 (n = 5), cocktail SI did not contain an extraluminal K + concentration at 50 but only at 3 mM (=cocktail SI,K3 ), whereas the other ion changes were the same in both cocktails. In the absence of L-NNA, cocktail SI,K3 dilated the middle cerebral artery significantly more strongly than cocktail SI,K50 (one-way ANOVA with Bonferroni post hoc test between groups 2 and 5 for measuring point 15 min). This suggested that K + was a potent vasoconstrictor in cocktail SI,K50 . Whereas co-application of L-NNA with cocktail SI,K50 resulted in middle cerebral artery constriction (group 2), co-application with cocktail SI,K3 resulted in dilatation (group 5) (one-way ANOVA with Bonferroni post hoc test between groups 2 and 5 for measuring point 80 min). This suggested that K + was also a potent vasoconstrictor under NOS inhibition. In the absence of L-NNA, the middle cerebral artery was 110 mm less dilated by cocktail SI,K50 than by cocktail SI,K3 . In the presence of L-NNA, the difference between the two cocktails was significantly stronger (147 mm, paired t-test). This suggested that NOS inhibition significantly augmented the vasoconstrictor effect of K + by $37 mm. ** P < 0.01; *** P < 0.001.
Fig. 5
In group 3 (n = 5), cocktail SI,K50 was first applied alone and then in the presence of nimodipine. In the presence of nimodipine, vasodilatation was significantly more pronounced than under the control condition. *** P < 0.001 (one-way ANOVA for repeated measures with Bonferroni post hoc test).
Approximately 9 mM of this 20 mM difference could be explained by the superior selectivity of chloride ionophore I -cocktail A over interfering bicarbonate compared with Corning 477315 exchanger, used in previous studies (Kraig and Nicholson, 1978; Baumgarten, 1981; Kondo et al., 1989 ).
In vitro model of spreading ischaemia in the isolated middle cerebral artery
We extraluminally applied a saline solution to the isolated middle cerebral artery matching the ionic composition of the extracellular space as measured during spreading ischaemia. We found that application of this ion cocktail caused significant middle cerebral artery dilatation in the presence of NO and constriction in the absence of NO, similar to the conversion of spreading hyperaemia to spreading ischaemia if NO was not available in vivo (Dreier et al., 1998) . Nimodipine caused the ion cocktail-induced middle cerebral artery constriction to revert to dilatation in the continued absence of NO, similar to the reversal of spreading ischaemia to spreading hyperaemia by nimodipine in vivo (Dreier et al., 1998 (Dreier et al., , 2002 . These analogies of the in vitro to the in vivo model suggested that we successfully translated important features of the coupling between the spreading neuroglial depolarization wave and cerebral blood flow into the in vitro model. A limitation was that we used neither pial nor cortical arteries and arterioles but the proximal segment of the middle cerebral artery. There are distinct functional differences between proximal and distal middle cerebral artery segments (Edwards et al., 1988) . Distal segments were found to have a lower membrane potential and to hyperpolarize as well as dilate more when the inward rectifier K + channel was activated by moderate increases in [K + ] e . However, in the higher range of [K + ] e , as studied here, the effect on the membrane potential became similar between proximal and distal segments. Another limitation was that ion changes occurred rapidly during spreading ischaemia in vivo, whereas washin of the ion cocktail in vitro took several minutes. Furthermore, the anion gap in vivo ($16 mM), which may consist of lactate, bicarbonate and negatively charged amino acids (Kraig and Nicholson, 1978; Taylor et al., 1996) , was filled with Cl À ions. Since a reduction in [Cl À ] e was shown to contract rat posterior cerebral arteries, this possibly led to a reduced vasoconstrictor effect of the ion cocktail (Nelson et al., 1997) .
Modulation of L-type Ca
2+ channels may underlie the permissive effect of NO on K + -induced vasoconstriction
] e remained at 3 mM instead of increasing to 50 mM, middle cerebral artery dilatation in response to the ion cocktail in the presence of NO was significantly augmented, and constriction in the absence of NO was caused to revert to dilatation. This result supported the previous hypothesis that K + was critically involved in the vasoconstriction underlying spreading ischaemia (Dreier et al., 1998) . To our knowledge, Nishiye et al. (1989) Minato et al. (1995) confirmed this finding in dog basilar arteries with a NOS inhibitor instead of oxyhaemoglobin. Golding et al. (2000) found that K + -induced middle cerebral artery constriction was stronger if the solution was isotonic compared with a hypertonic solution; K + -induced vasoconstriction was only significantly augmented by NOS inhibition if the solution was hypertonic. In our study, NOS inhibition significantly augmented K + -induced vasoconstriction of a hypotonic solution. Golding et al. (2001) and Schuh-Hofer et al. (2001) demonstrated a permissive role of NO countering K + -induced vasoconstriction in vitro. Analogously, Dreier et al. (2001) showed a permissive role of NO for the coupling between spreading neuroglial depolarization and cerebral blood flow in vivo. Iadecola and Zhang (1996) had originally coined the concept of the permissive role of NO. Following this concept, NO is not the active vasodilator but a basal NO concentration is required in order for dilatation to occur. Thus, the basal release of NO from the endothelium and perivascular nerves possibly acts to maintain a more dilated state at high extraluminal K + concentrations. (Towart, 1981; Nosko et al., 1986) . This effect was independent of NOS inhibition. Since the L-type Ca 2+ channel has such a salient importance for K + -induced vasoconstriction, it is obvious that modulation of this channel may underlie the permissive role of NO countering K + -induced vasoconstriction. In support of this idea, Mukundan and Kanagy (2001) showed an increased sensitivity and maximal contraction in response to the L-type Ca 2+ channel agonist BAY K 8644 in aortic rings from L-NNAtreated rats compared with controls. The same group also showed that, as in cerebral arteries, K + -induced vasoconstriction was augmented by NOS inhibition in aortic rings and mesenteric arteries (Kanagy, 1997) . Modulation of vascular, including cerebrovascular, L-type Ca 2+ channels by NO has been ascribed to both voltage-dependent and -independent mechanisms. Voltage-dependent inhibition resulted from cyclic guanosine monophosphate (cGMP)-dependent protein kinase, which caused an increase in the open probability of Ca 2+ -activated K + (K Ca ) channels (Robertson et al., 1993; Archer et al., 1994; Gerzanich et al., 2001) . Activation of K ca channels deactivated L-type Ca 2+ channels by polarizing the cellular membrane. Voltage-independent inhibition by NO resulted from cGMP-dependent protein kinase phosphorylating the L-type Ca 2+ channel itself, or, more likely, a closely related regulatory phosphoprotein (Ishikawa et al., 1993; Tewari and Simard, 1997) . Interestingly, nicotine was shown to block this pathway in vascular smooth muscle from lenticulostriate cerebral arteries (Gerzanich et al., 2001) . However, NOS inhibition may also augment the Ca 2+ sensitivity of the vascular smooth muscle contractile apparatus via a reduction in cGMP/myosin light chain phosphatase activity (Bolz et al., 2003) . This effect would also be antagonized by nimodipine, although indirectly, since Ca 2+ influx is reduced.
Other vasoeffectors in the ion cocktail
We found that a quarter of the augmented vasoconstrictor effect of the ion cocktail by NOS inhibition was not related to the direct effect of reduced basal [NO] on vascular smooth muscle and did not reflect augmented K + -induced vasoconstriction. This part was probably related to the loss of the permissive NO effect for other vasodilators, particularly H + . Under normal conditions, a decline in pH from 7.4 to 6.9 would potently dilate cerebral arteries (Kontos et al., 1977) . However, this effect is significantly inhibited when [NO] is reduced (Niwa et al., 1993; Iadecola et al., 1994; Iadecola and Zhang, 1996) . This permissive function of NO for the vascular effect of H + has been attributed to increased availability of both K ATP and K Ca channels (Lindauer et al., 2003) . Another dilator component of the ion cocktail was the reduction in [Ca 2+ ] e (Harder, 1985 ] e , as in the ion cocktail, were shown to constrict cerebral arteries (Murakawa et al., 1990; Farago et al., 1991; Nelson et al., 1997) . A permissive role of NO for Cl À or Mg 2+ has not been yet investigated to our knowledge.
